Phytochemical genomics—a new trend  by Saito, Kazuki
Phytochemical genomics — a new trend
Kazuki Saito1,2
Available online at www.sciencedirect.comPhytochemical genomics is a recently emerging field, which
investigates the genomic basis of the synthesis and function of
phytochemicals (plant metabolites), particularly based on
advanced metabolomics. The chemical diversity of the model
plant Arabidopsis thaliana is larger than previously expected,
and the gene-to-metabolite correlations have been elucidated
mostly by an integrated analysis of transcriptomes and
metabolomes. For example, most genes involved in the
biosynthesis of flavonoids in Arabidopsis have been
characterized by this method. A similar approach has been
applied to the functional genomics for production of
phytochemicals in crops and medicinal plants. Great promise is
seen in metabolic quantitative loci analysis in major crops such
as rice and tomato, and identification of novel genes involved in
the biosynthesis of bioactive specialized metabolites in
medicinal plants.
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Introduction
Along with the development of high-throughput massive
DNA sequencing technology and metabolic profiling tech-
nology (metabolomics), a new area called ‘phytochemical
genomics’ has emerged. In this new field, the biosynthetic
mechanism and regulation, function and evolution of plant
metabolites (phytochemicals) are investigated by the sys-
tematic integration of genomics and related ‘-omics’ such
as transcriptomics, proteomics and metabolomics. Testa-
ble hypotheses can be generated by this integrated systems
Open access under CC BY license.www.sciencedirect.com analysis. Subsequently the hypotheses must be validated
by reverse genetics/biochemistry/chemistry for further
application by biotechnology (Figure 1). The secrets of
the origin of huge chemical diversity of plants, that is,
200 000 to one million metabolites estimated [1], can be
unveiled by these studies. Furthermore, knowledge
obtained through the studies would be the basis for further
application of plants’ function to agriculture, medicine and
chemical industries. Obviously this study was initiated
with a few model plants like Arabidopsis, of which com-
pleted genome sequences are available; however, the
studies have been extended to crops and medicinal plants,
in which no genome sequences are readily available [2].
This article focuses on the current trends in phytochemical
genomics from the model plant Arabidopsis to crops and
medicinal plants.
Up-to-date technology advance in
metabolomics
Metabolomics is a key component in phytochemical
genomics [3]. One of the major bottlenecks of current
metabolomics is the annotation of metabolite peaks
detected by mass spectrometry (MS) or nuclear magnetic
resonance (NMR). In the last few years, progress has been
made in this annotation strategy, in particular, by com-
putational application as exemplified in [4]. Several data-
bases for plant metabolites and their mass spectra have
recently become available [1,5,6,7]. Interpretation tools
of mass spectra [8] and NMR [9] for metabolite annota-
tion have also been developed. Annotation of elemental
formulae is achieved by the combination of stable isotope
labeling and an ultra-high resolution MS [10,11]. Along
with the improvement of peak annotation in non-targeted
metabolomics — a wide-target metabolomics technology
based on liquid chromatography (LC)–MS has been
developed for quantifying targeted metabolites in a
high-throughput manner [12]. Multiple reaction monitor-
ing using tandem quadrupole MS is adopted in this
technology to simultaneously monitor hundreds of pre-
defined metabolites. Capillary electrophoresis (CE)-MS
is particularly useful for wide-targeted analysis of ionic
metabolites [13], which are often enriched in central
metabolic pathways (Table 1). Consolidation of data
acquired from multi-MS analytical platforms is also one
of the challenging issues of metabolomics. Some
advances have been made for the bioinformatics of con-
solidation of the data [14] and applied to interpretation of
multi-platform metabolomic data [15].
In terms of spatially resolved metabolomics, single-cell or
single-cell-type analysis has been carried out [16]. The
metabolites of laser-micro-dissected vascular bundle cellsCurrent Opinion in Plant Biology 2013, 16:373–380
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Data-driven systems biology and functional genomics for phytochemicals.and epidermal cells of Arabidopsis have been analyzed by
gas chromatography (GC)–MS. The metabolome of bar-
ley vacuoles isolated by silicon-oil centrifugation has
been analyzed by comparison with the tonoplast pro-
teome, leading to identification of vacuole-specific
metabolites and correlation of vacuolar metabolite and
tonoplast proteins [17]. However, because these methods
required hundreds of respective cells for detection of
metabolites, they were not exactly ‘single-cell (or orga-
nelle)’ but ‘single-cell (or organelle) type’ analyses. Alter-
natively taking advantage of giant internodal cells of the
alga Chara australis, metabolomic analysis of an actual
single vacuole derived from a single cell has been con-
ducted [18]. The metabolites in the vacuole and cyto-
plasm (extra vacuole) of a single Chara cell fluctuated
asynchronously under various stress conditions. In
another aspect of spatial resolution of metabolomics,
MS is applied to imaging of metabolite distribution in
plants. The chemical images of flavonoids by laser des-
orption/ionization MS on the surface of wild-type and
mutant (tt7) Arabidopsis flowers suggested the clear spatial
distribution of biosynthetic products along with the gene
expression profile [19].
Functional genomics for synthesis of
phytochemicals in Arabidopsis
Using Arabidopsis is a straightforward way to integrate the
multi-omics data for elucidation of the genomic basis of
biosynthesis of metabolites, since all necessary tools for
omics study were readily available soon after the com-Current Opinion in Plant Biology 2013, 16:373–380 pletion of genome sequencing in 2000. Although the size
of the Arabidopsis metabolome is still a matter of debate,
there is an estimated 5000 metabolites [20], and at least
2000–3000 reported as detected in Arabidopsis by sum-
marizing recent publications [1,21,22,23].
Efforts for linking genes’ functions with metabolite
accumulation by non-targeted metabolomic analysis have
been recently attempted. A LC–MS-based approach has
been applied to metabolic analysis of a series of tag-
inserted mutants of gene families of glycosyltransferase
and methyltransferase [24], and generation of datasets of
AtMetExpress development [21] and ecotype [25].
AtMetExpress datasets (http://prime.psc.riken.jp/lcms/
AtMetExpress/) can be efficiently used for hypothesis
generation regarding gene function by combination with
the developmental gene expression data of AtGenEx-
press [26] or single nucleotide polymorphism data of
ecotypes. Integration analysis can be performed on a
web browser developed for exploring large-scale bio-
logical datasets [27]. Another approach of non-targeted
analysis is by the ‘PlantMetabolomics.org’ project (http://
plantmetabolomics.vrac.iastate.edu/ver2/) [22,23]. The
metabolome of Arabidopsis mutants for 140 single knock-
out genes were analyzed by combination of different MS-
based platforms at multiple locations, resulting in detec-
tion of 1000 known and 2020 unknown metabolites.
Statistical tools together with morphological image data of
the mutants in the database allow biological researchers to
more easily generate hypotheses on gene function.www.sciencedirect.com
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Table 1
Recent advances facilitating the progress of phytochemical genomics.
Technology Application Reference
High-throughput DNA sequencing Re-sequencing, SNP, draft genome sequence, deep
transcriptome (RNAseq), gene expression profile
[72,73,77]
Ultra-high resolution MS Metabolomic annotation and structure elucidation [10,11]
LC-triple quadrupole (Q) MS, capillary
electrophoresis (CE)-MS
Wide-target metabolic profiling based on LC for neutral
metabolites and CE for ionic metabolites
[12,13]
Public data depositories and tool for meta-analysis Hypothesis generation for functional genomics
(AtMetExpress, PlantMetabolomics.org, among others)
[21,22]In contrast to non-targeted analysis, compound-group
targeted functional genomics has been developed. Repre-
sentative specialized (secondary) metabolites in Arabi-
dopsis are flavonoids, glucosinolates, camalexin, the
compounds derived from phenylpropanoid pathway
(coumarins, and sinapoyl esters and amides) and caryo-
phyllene. This chemical diversity is indeed richer than
initially thought. Flavonoids are the best-known plant
specialized products and are classified into several sub-
categories in terms of structure. Arabidopsis accumulate
only flavonols, anthocyanins and proanthocyanidins, com-
prising at least 54 molecules (35 flavonols, 11 anthocya-
nins and eight proanthocyanidins) [28]. Scaffold
structures of these flavonoids are derived from kaemp-
ferol, quercetin and isorhamnetin for flavonols, cyanidin
for anthocyanins and epicatechin for proanthocyanidins.
From the final chemical structures of these flavonoids, the
groups of enzymes responsible for tailoring reactions
including glycosylation, methylation and acylation can
be predicted. Genes encoding these biosynthetic
enzymes have been extensively characterized mostly
by the integration of transcriptomics and metabolic pro-
filing followed by reverse genetic approaches [29]. Inde-
pendent component analysis on transcriptome data was
efficiently used for prediction of the involvement of
glycosyltransferase genes in the pathway [30]. In addition
to UDP-sugar-dependent glycosyltransferases localized
in cytosol, a novel acyl-sugar-dependent glycosyltransfer-
ase plays a role in the final modification of anthocyanins in
the vacuole [31]. For the production of proanthocyanidins
(condensed tannins) in seeds, several genes encoding
enzymes — responsible for branching from the main fla-
vonoid pathway to proanthocyaninds — were character-
ized [32]. Besides biosynthetic enzymes, the network of
transcription factors involved in the regulation of flavo-
noid biosynthesis has been extensively characterized
mostly by genetic analysis of visible mutants of antho-
cyanin or proanthocyanidin accumulation [33,34].
The second major class of specialized metabolites in
Arabidopsis is glucosinolate [35]. Genes for enzymes
[36], transporters [37] and transcription factor [38] have
been characterized by integrated omics approaches.
Since glucosinolates are sulfur-rich compounds, there is
a tight link between primary sulfate assimilation andwww.sciencedirect.com glucosinolate biosynthesis in terms of transcriptional net-
work [39] and metabolic flow by the enzymes [40]. Glu-
tathion (GSH) was demonstrated as the sulfur donor in the
biosynthesis of glucosinolates, and cytosolic plant g-glu-
tamyl peptidases were involved in the processing of GSH
conjugates in the glucosinolate and camalexin pathways
[41]. Combining genome-wide association analysis and the
transcriptome co-expression network led to the prediction
of genes controlling glucosinolates [42]. Two members of
the nitrate/peptide transporter family were identified as
glucosinolate-specific transporters essential for long-dis-
tance translocation of glucosinolates to seeds [43].
Metabolomic analysis under stress conditions reveals the
correlation of metabolites and genes responsible for the
synthesis of the particular sets of metabolites. Often the
metabolites changing their levels under the given stress
conditions play roles as mitigating compounds to the
stresses. Under nitrogen deprivation, one of the major
nutrient deficient stresses impacting on metabolism [44],
the production of hemiterpenoid glycosides is induced in
leaves and correlates with the inducible production of
scopolin and coniferin in roots [45]. Sulfur deficiency also
affects secondary metabolism such as enhanced degra-
dation and attenuated synthesis of glucosinolates [38,39]
and induction of anthocyanin biosynthesis. Under phos-
phorus-deprived stress, a new lipid class, glucuronosyl-
diacylglycerol, was identified as a stress-mitigating
metabolite [46], indicating the power of lipidomics
for functional genomics in plants [47]. Besides nutrient
deficiency, other abiotic stresses such as drought, cold
[48] and UV B [49] induce characteristic metabolomic
changes. These studies have been conducted with the
mutants of genes involved in the stress responses, and
thus led to more in-depth understanding of the genomic
basis of stress responses.
Combination of metabolic profiling and genetics in Ara-
bidopsis is another way to identify the novel genes
involved in the synthesis of phytochemicals. A large
chemical diversity among Arabidopsis accessions has been
indicated, and 75% of metabolomic signatures have been
assigned to quantitative trait loci (QTLs) by using recom-
binant inbred lines. This study was followed by integ-
ration of transcriptomics and proteomic data to find sixCurrent Opinion in Plant Biology 2013, 16:373–380
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Focusing more on glucosinolates and flavonoids, gen-
ome-wide association analyses and QTL analysis indi-
cated possible association of genetic loci with metabolic
characters [25,42,51]. Metabolic signature and genetic
loci related to biomass have been investigated using
Arabidopsis heterotic hybrids and large panel accessions
[52,53].
Metabolomic investigation in major crops
Substantial progress has been made in phytochemical
genomics in major crops in the last several years. In
particular, the advantages of assessments of phenotypic
and metabolic diversity in the genetic basis of complex
traits of crops were well illustrated recently [54].
Rice (Oryza sativa) is not only the first crop whose genome
has been sequenced but also one of the most important
crops feeding the majority of the world’s population. Both
gain-of-function [55] and loss-of-function [56] analyses of
rice genes with metabolomics reveal the novel function of
genes which modulate cellular metabolism. Metabolomic
QTL analysis has been conducted with 87 back-crossed
inbred lines (BILs) of a japonica variety having good flavor
and an indica variety exhibiting high yield, indicating the
presence of 802 QTLs in the rice genome [57]. Pre-
dictive metabolome–trait regression models have been
successfully constructed based on the metabolomic com-
position of kernels from field-grown rice plants of the core
collections covering 90% of genetic diversity of rice
[58]. Similar study combining multi-platform metabolo-
mics with genome-wide genotyping by single nucleotide
polymorphism of three rice cultivars revealed unique
metabolic signatures relevant to nutrient value, taste
and flavor [59].
Drought-related metabolic changes have been studied in
wheat cultivars differing in tolerance to dehydration [60].
In maize, multi-omics (transcriptomic,  proteomic and
metabolomic) studies demonstrated how systematic
responses take place during nitrogen deficiency [61]
and UV B exposure [62]. Tomato (Lycopersicon esculentum)
is not only a model plant for the study of fleshy fruit but
also commercially important as a widely grown veg-
etable. Although metabolomic studies on tomato before
2008 were well documented in [63] (and references
therein), a novel pathway for monoterpene [64] and a
gene for acyl sugars [65] in tomato trichome metabolites
were recently identified. Genetic mapping on soybean
accessions led to the identification of a glycosyltransfer-
ase for the biosynthesis of soya-saponins [66]. Insights
on biosynthesis of saponins and flavonoids in legumes
have also been obtained by the study of Medicago trunca-
tula as a model plant [67,68]. Another saponin glycosyl-
transferase  was identified by an activity-based assay
against insect feeding from a crucifer plant (Barbarea
vulgaris) [69].Current Opinion in Plant Biology 2013, 16:373–380 Phytochemical genomics in medicinal plants
The concept for integrated functional genomics, that is,
correlation of co-responding elements in transcriptome
and metabolome, developed in Arabidopsis can be
successfully applied to medicinal plants, in which bioactive
specialized metabolites are produced. This is based on the
so-called ‘guilt-by-association’ theory that the co-
expressed gene set is presumably involved in the biosyn-
thesis of metabolites, which are accumulated in a similar
manner to the level of the genes’ expression [70]. Avail-
ability of so-called next generation sequencing technology
accelerates deep transcriptome studies in medicinal plants,
leading to the more feasible analysis of co-responses in
gene expression and metabolite accumulation.
Co-expression analysis of transcriptome data of Cathar-
anthus roseus identified candidate genes involved in mono-
terpenoid indole alkaloid biosynthesis. Subsequently the
functions of these genes’ products have been confirmed
to be cytochrome P450 hydroxylating at the 19-position of
the aspidosperma-type alkaloids [71] and a novel iridoid
synthase reductively converting 10-oxogeranial to iridoid
scaffold [72]. A database and analytical platform (http://
metnetdb.org/mpmr_public/) for metabolomic and tran-
scriptomic data of 14 medicinal plants are available for
hypothesis development of genes’ function [73]. By a
similar strategy, two cytochrome P450 genes involved in
glycyrrhizin (a sweetener saponin) biosynthesis in Glycyr-
rhiza uralensis (licorice) were identified [74], leading to
the possible microbial production of glycyrrhetinic acid.
By the differential gene expression profiling of chemo-
varieties regarding quinolizidine alkaloids in Lupinus
angustifolius, the gene encoding lysine decarboxylase
committed to the first step of the alkaloid biosynthesis
was characterized, and the molecular basis for catalytic
property of the enzyme was elucidated by site-directed
mutagenesis and protein modeling [75]. Differential
transcriptome analysis together with metabolic profiling
for engineered cultured cells producing or not producing
camptothecin-type alkaloids, identified candidates genes
involved in the biosynthetic pathways of alkaloids and
anthraquinones [76,77]. Transcriptomics of glandular tri-
chomes from female cannabis (Cannabis sativa) flowers,
the primary site of cannabinoid biosynthesis, identified
the enzymes involved in cannabinoid biosynthesis, for
example, a polyketide synthase responsible for the syn-
thesis of olivetolic acid [78] and an acyl-activating
enzyme [79]. In opium poppy (Papaver somniferum), most
genes involved in morphine biosynthesis have been
identified by omic approaches [80,81]. Furthermore, com-
bining transcriptome and genetic approaches suggested
the presence of a gene cluster for alkaloid synthesis in the
opium poppy genome [82].
Conclusions
So far, identification of genes involved in the biosynthesis
of specialized products in plants mostly relies on thewww.sciencedirect.com
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(and transcription factors) and metabolites synthesized by
the action of these enzymes being analyzed by correlation
networks [83]. This approach is based on a belief that the
biosynthetic genes in plants dispersedly locate in the
genome (unlike microbial genes, which cluster together
on the genome), and the expression of these genes are
coordinately regulated. However, increasing evidence
indicates that the genes of certain biosynthetic pathways
form gene clusters in plant genomes [82,84]. This
allows the easier identification of genes and also gives
more in-depth insights on evolution and function of
specialized metabolites. Furthermore, study on self-resist-
ance mechanisms of plants producing toxic metabolites
provides clues for further understanding of evolution and
function of specialized metabolism [85]. The recently-
emerged cheap and massive DNA sequencing technology
definitely facilitates the completion of genome sequencing
of non-model plants, including medicinal plants [86]. Phy-
tochemical genomics study could be advanced by taking
advantage of publicly-available databases for genomics and
metabolomics, and natural and artificial chemo-variants
of plants. Unforeseen findings and applications can be
obtained in this new area in the future.
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